1. Methods have been developed for the extraction and purification of bacterial basic proteins. These proteins were initially examined by a micro-method of starch-gel electrophoresis and were then characterized more fully. 2. Although it was found that most of the DNA in both Bacillu8 megaterium and Escherichia coli must be free from combination with basic protein, there was some evidence that a small portion might be in the form of a typical nucleohistone complex. 3. The ribosomes of both B. megaterium and E. coli were shown to contain approximately 2% of basic protein. On the basis of ultraviolet-absorption curves, partial amino acid analyses and their behaviour on electrophoresis in polyacrylamide gels, it was concluded that some of these ribosomal basic proteins may be extremely similar to typical histones. 4. These results are discussed in relation to those of other authors, and the possible functions of basic proteins present in micro-organisms are considered with reference to those that have already been proposed for the histones of higher organisms.
1. Methods have been developed for the extraction and purification of bacterial basic proteins. These proteins were initially examined by a micro-method of starch-gel electrophoresis and were then characterized more fully. 2. Although it was found that most of the DNA in both Bacillu8 megaterium and Escherichia coli must be free from combination with basic protein, there was some evidence that a small portion might be in the form of a typical nucleohistone complex. 3. The ribosomes of both B. megaterium and E. coli were shown to contain approximately 2% of basic protein. On the basis of ultraviolet-absorption curves, partial amino acid analyses and their behaviour on electrophoresis in polyacrylamide gels, it was concluded that some of these ribosomal basic proteins may be extremely similar to typical histones. 4 . These results are discussed in relation to those of other authors, and the possible functions of basic proteins present in micro-organisms are considered with reference to those that have already been proposed for the histones of higher organisms. Stedman & Stedman (1950) suggested that histones might be involved in controlling cell differentiation in multicellular organisms by acting as gene suppressors. If this were the sole function of histones then their absence from bacteria and protozoa might be expected. However, if they have an even more fundamental role related to the function of the genetic material in all living cells, then their presence in unicellular organisms would be expected.
Several groups of workers have failed to show the presence of histones in DNA-proteins isolated from various bacterial species (Belozerskii, 1947; Chargaff & Saidel, 1949; Tsumita & Chargaff, 1958; Masui, Iwata, Ishimitsu & Umebayashi, 1962; Belozerskii & Uryson, 1958) . Zubay & Watson (1959) also found no evidence for the presence of histone in a DNA-protein preparation isolated from E8cherichia coli, and X-ray diffraction studies of this preparation (Wilkins & Zubay, 1959) led to the conclusion that most of the DNA in intact bacteria is probably not attached to protein. A similar conclusion was also reached by Van Iterson & Robinow (1961) after electron-microscope observations on the fine structure of bacterial nuclear bodies.
Contradictory evidence has been presented by Palmade, Chevalier, Knobloch & Vendrely (1958) and Palmade (1960) , who claim to have isolated typical nucleohistones from bacteria.
These conflicting reports could be reconciled to some extent if only a small portion of the DNA in the cell were bound to basic protein. Ifthis were so, then the yield of DNA-histone obtained by Palnade (1960) must have been low, and it would also explain the difficulty experienced by other workers in demonstrating the existence of histone in their DNA-protein preparations. Certainly, if DNA in the bacterial cell is largely in the form of complexes with histone, as it is in the higher organisms, it is surprising that any great difficulty should be encountered in obtaining good yields of DNAhistone.
In the present work the aim has been to establish whether histone-like proteins exist in whole bacteria, and then to proceed with the study of their intracellular distribution and fuller characterization.
The isolation of histone-like basic protein from the whole cells of Staphylococcus aureus has been described in a preliminary paper (Cruft & Leaver, 1961) . The present work has also been reported in detail as part of a Ph.D. Thesis presented by J.L.L.
to the University of Edinburgh (Leaver, 1964) .
MATERIALS AND METHODS
Bacteria. All bacteria were cultured in the Department of Bacteriology, University of Edinburgh. The cultures used were a laboratory strain of Staphylococcus aureus, Micrococcu8 ly8odeikticu8 N.C.T.C., Bacilluz megaterium strain 665; KM and E8cherichia coli B. The B. megaterium was grown in a synthetic medium in a chemostat (Munro, 1964) . The other three organisms were grown in nutrient broth. Erlenmeyer flasks (500ml.) containing 250ml. of medium were shaken at 350 for 16hr. on a reciprocating shaker (The Distillers Co. Ltd., Epsom, Surrey). The bacteria were then recovered by centrifugation.
I8olation of bacterial ribo8ome8. The harvested bacteria were washed twice in a refrigerated centrifuge with 5vol. of buffered magnesium acetate solution (0.01 M-magnesium acetate-1 mM-tris, adjusted to pH7.4). The bacteria were then transferred to a mortar and 3 times their packed weight of fine glass powder was added. This mixture was ground vigorously for 30min. in the cold room and the disintegrated cells were then suspended in 5vol. ofthe buffered magnesium acetate solution.
To remove the glass powder and cell debris the suspension was centrifuged twice at 12 000 g for 15 min. The supernatant was then centrifuged at 105000g for 180min. in a Spinco model L centrifuge (rotor no. 30 Preparation of DNA-protein from bacteria. The bacteria were washxed twice with about 4vol. of ice-cold 0 1 M-NaCl-0 05M-trisodium citrate, adjusted to pH70 with HCI. After disintegration of the bacteria by grinding with twice their packed weight of fine glass powder in a mortar for 30min., the mixture was diluted with 3vol. of the NaCl-citrate solution. This suspension was centrifuged at 25000g for 15min. and the DNA-protein was extracted from the sedimented material with 1-OM-NaCl (2vol./vol. of the sedimented material). This extraction was carried out in thLe mortar for 24hr. with occasional stirring. The insoluble material and glass powder were removed by centrifuging twice at 25000g for lhr. The DNA-protein was then precipitated by lowering the NaCl concentration of the supernatant to 0.15M by overnight dialysis. The precipitated material was collected by centrifugation (25000g for 30min.), and purified by solution in a small volume of 1*0M-NaCl and precipitation by dialysis against 0-15M-NaCl. The final product, again collected by centrifugation, was dried by washing withl ethanol and ether.
This preparation was based on the method for the isolation of calf-thymus nucleohistone by using solutions of high ionic strength. as described by Jordan (1960) . To minimize enzymic degradation all operations were carried out at 00. The use of citrate during the preparation has also been claimed to suppress enzymic action (Jordan, 1960) .
Determination ofdry weight8 and yield8. All dry weights of bacteria and their subfractions, and yields of basic proteins, were determined by weighing the air-dried material after siuccessive washes with ethanol and ether.
.Calf-thymu= hs8tone. Calf-thymus histone was prepared by the method of Stedman & Stedman (1951) , with the modification of Cruft, Mauritzen & Stedman (1957) in which the isolation of the thymus nuclei was carried out in the cold. Method of 8tarch-gel elecdrophore8i8. Because of the small quantities of protein obtained, a micro-method of starch-gel electrophoresis was developed (Leaver, 1964) . Shallow gels were prepared by rolling out the hot gel to 1mm. thickness under polythene sheeting on glass plates before it had set. This enabled electrophoresis to be performed on less than 0-2mg. of protein.
Sodium acetate-acetic acid buffer, pH4.75 (0.028M), was used throughout and urea (4M) was incorporated into the buffer according to the adaptation of Neelin & Neelin (1960) for histones. The gels were prepared with approx. 16% (w/v) hydrolysed starch (Smithies, 1955 Electrophore8i8 in polyacrylamide gels. Polyacrylamide gels (10%) were prepared as described by Cruft (1962) . Veronal-acetate-HCl buffers were used over the range pH3*0-9-0, and for pH values above 9 0 glycine-NaOH buffers were used. These are buffer systems that have been found suitable for studying the effect of pH on the electrophoretic mobility of histones in the Tiselius apparatus (Cruft, 1953) .
For the preparation of gels, stock solutions of either 0 143 M-sodium acetate-06143 M-sodium veronal or 0-286m-glycine were diluted 1:10, the requisite pH being obtained by the addition of HCI or NaOH. The same dilutions were used in the buffer reservoirs adjacent to the gel. For the electrode compartments the stock solutions were diluted 1:4.
The pH values of gels were checked before electrophoresis with pieces of narrow-range indicator paper inserted into the edge of the gels. After electrophoresis the pH values were measured with a pH-meter on portions of gel that had been chopped up in 0 5vol. of distilled water and allowed to equilibrate for 1 hr.
To ensure that gels were at the correct pH before the protein samples were inserted, they were subjected to a preliminary run at 5v/cm. for 2hr., thus introducing the correct pH buffer by ionophoresis. This procedure was found to be adequate for pH values up to 9 0. Above pH9 0 gels were left to equilibrate with the buffer contained in a stoppered cylinder for at least 12hr. before use. With these high-pH gels, hydrolysis of amide groups ofpolyacrylamide occurred, causing the gel pH to fall during electrophoresis. The separation of amino acids present in the hydrolysates were based on the low-voltage paper-electrophoresis method of Evered (1959) . Arginine and lysine were separated at pH10.5 by using 0 05M-sodium carbonate-bicarbonate buffer and a potential gradient of 7.5v/cm. for 6hr. Glutamic acid and aspartic acid were separated by using 0 05M-potassium hydrogen phthalate, pH4'0, as buffer and a potential gradient of 8v/cm. for 4hr.
Two standard amino acid mixtures used during the analyses were prepared in distilled water from the solids (Roche Products Ltd., Welwyn Garden City, Herts.). One oontained 5,umoles of arginine and 5,umoles of lysine hydrochloride/ml., and the other 5,umoles of glutamic acid and 5,umoles of aspartic acid/ml. Electrophoresis was carried out on strips (54cm. x 23 cm.) of Whatman no. 1 filter paper. Four samples of protein hydrolysates (10y1. each) and three samples of standard amino acid mixtures (5,uJ. to 30ul.) were run on to each paper from capillary pipettes.
After electrophoresis the papers were dried by hanging in an oven at 700 for 30 mi.
The separated amino acids were estimated by a modification of the ninhydrin-copper method of Harris, Mittwoch, Robson & Warren (1954 The dry electrophoresis papers were sprayed evenly with the appropriate ninhydrin reagent. The ninhydrin colours were allowed to develop overnight at room temperature in the dark. The papers were then sprayed with the cupric nitrate reagent and left for a further 30 min. at room temperature.
The coloured spots, corresponding to the amino acids being estimated, were cut out and eluted for 2 hr. into 5 ml. of methanol. As reagent blanks similar areas ofpaper containing no ninhydrin-positive material were also eluted. After centrifugation to remove paper fibres the extinctions of the solutions were read against methanol in a Unicam SP. 500 spectrophotometer. The ninhydrin-copper colours of glutamic acid and aspartic acid were read at 504m, and those of arginine and lysine were read at 535mjt. This difference in absorption maxima is apparently a result of the different buffer systems employed (Leaver, 1964) .
Provided that standards were run on each paper, linear calibration curves were obtained over the range 25-150mpmoles of amino acid/separated spot.
Trial analyses of unfractionated calf-thymus histone, ,-histone fraction and insulin with this procedure (Leaver, 1964) gave results that are in good agreement with published data.
Examination for the presence of cystine in protein hydrolysates. To separate cystine, low-voltage electrophoresis of protein hydrolysates was carried out (as described above) for 4hr. at 10v/cm. in 0 05M-veronal buffer, pH8-6. Papers were developed by the ninhydrin-copper method and were examined visually. Amounts of cystine down to 1 m,tmole/spot could be detected. Cysteic acid is also separated under these conditions and would have been detected if appreciable amounts had been formed by the oxidation of cystine.
Ultraviolet-absorption curves. All extinction measurements were taken on a Unicam SP. 500 spectrophotometer with 1cm. silica cells. Approx. 0.10% (w/v) solutions of protein were prepared in 0.1 N-H2SO4 and extinctions were read against the solvent over the range 230-320m,. The u.v.-absorption curves were used to determine the approximate tyrosine content of proteins as described by Cruft (1953) .
Estimation of nucleic acids. Perchloric acid extracts were prepared by extracting the dry weighed material (ribosomes, DNA-protein preparations or whole bacteria) three times with 0-5N-HCl04 at 70 for 15min. DNA was determined in the extracts by the diphenylamine reaction, and RNA by the orcinol reaction of Dische & Schwartz, both as described by Dische (1955) . The estimations on whole organisms were susceptible to inaccuracy owing to the presence of interfering substances in the extracts, and therefore have only been taken as approximations.
RESULTS
Isolation of basic proteins from whole bacterial cells. Basic proteins were extracted from whole bacteria with acid and purified by dialysis and by separation on columns of CM-cellulose.
The bacteria were suspended in 6 vol. of cold 4% (v/v) acetic acid and centrifuged for 15min. at 100OOg in an MSE 17000 refrigerated centrifuge. The supernatant was discarded and the sedimented material was resuspended in 6vol. of 1% (v/v) acetic acid. The organisms were washed at least twice with 1% (v/v) acetic acid by repeating the centrifugation and resuspension processes. These washes remove any remaining culture medium and ensure a fairly acid pH. The material was defatted with three washes each of ethanol and ether and then air-dried. Direct extraction of these dried bacteria was found to be inefficient, and the cells were therefore disrupted by grinding with glass powder in the presence of 0-1 N-sulphuric acid. The dried organisms were weighed out and transferred to a 667 Vlol. 101 porcelain mortar. For each g. of material 2 g. of fine glass powder and 3ml. of OlN-sulphuric acid were added. This mixture was ground vigorously with a pestle in the cold room for 5min. and then left to stand for 3 hr. During this time the grinding process was repeated about five times to ensure adequate disintegration of the organisms. After adding a further 3ml. of 0 1 N-sulphuric acid/g. of organisms, the extraction was allowed to continue for a further 3hr. Finally the glass powder and cell debris were removed by centrifugation at 27 OOOg for 30min.
This extraction procedure was repeated at least twice, with another 3 ml. of 0 1 N-sulphuric acid/g. of organisms on each occasion, and the supernatants were combined.
The combined extracts were transferred to dialysis tubing (Visking cellulose tubing 18/32in. diam.) and dialysed against large volumes of 0 1N-sulphuric acid to remove substances of low molecular weight. The non-diffusible material was prepared for application to CM-cellulose by further dialysis against large volumes of distilled water for 6hr. and then against bicarbonate buffer, pH7-0 (described below), for 12hr. Any precipitate was removed by centrifugation.
The basic proteins were separated from non-basic constituents on CM-cellulose. A glass column (1cm. diam.) was packed to a height of 3cm. with CM-cellulose, which was then washed successively with 0 1 N-hydrochloric acid, water and bicarbonate buffer, pH7 0. (The bicarbonate buffer was prepared by passing carbon dioxide through a solution of 0 01 M-sodium hydrogen carbonate until the pH fell to 7-0. This buffer was always kept in tightly stoppered bottles, and the pH was checked regularly.)
The protein solution at pH 7 0 was run on to the CM-cellulose column. The colunm was washed with 100 ml. ofdistilled water. Properties of basic proteins i8olated from whole bacteria. In Fig. 2 Fig. 3 . These spectra are very similar to those obtained with mammalian histones (Cruft et al. 1957) both in the wavelength of maximum absorption (276m,) and in the general appearance of the curves, and they indicate the presence of tyrosine, but not oftryptophan, in the proteins.
Analyses of arginine, lysine, glutamic acid and aspartic acid residues in the B. megaterium basic protein are summarized in Table 2 , together with a minimum value for the tyrosine content calculated from the u.v.-absorption spectrum. Corresponding data for unfractionated calf-thymus histone and the ,B-histone fraction obtained by Cruft, Mauritzen & Stedman (1958) are given for comparison.
The analyses of arginine, lysine and glutamic acid in the B. megaterium protein closely resemble those for unfractionated thymus histone. Although the (arginine + lysine)/(glutamic acid + aspartic acid) ratio was rather lower than for unfractionated histone, because of the greater content of aspartic acid, it was close to that for the fl-histone fraction.
Examination of the hydrolysate of B. megaterium basic protein for cystine by paper electrophoresis indicated the presence of trace amounts. However, the simultaneous electrophoresis of a hydrolysate of unfractionated calf-thymus histone also showed 'traces of cystine.
Intracellular distribution of ba8ic protein8 in bacteria. The intracellular distribution of basic proteins with respect to the nucleic acids in bacterial cells was investigated by extracting basic proteins from ribosomal and DNA-protein preparations. Wavelength (mui) Wavelength (m,u) Wavelength (m,u) Table 2 . Analy8i8 of arginine, lysine, glutamic acid, a&partic acid and tyro8ine re8idue8 in B. megaterium ba8ic protein, compared with data for unfractionated calf-thymri hi8tone and the fl-hi8tone fraction 11.4 (11.6, 11.6, 11-0) 14-2 (13.2, 14-7, 14.7) 8-1 (7.8, 8-3, 8. 3) 9-0 (93, 9.7, 7.9) 1-9 (minimum value) composition and low yield. Indeed the DNA in the preparation represented a mere 0.2% recovery of the total DNA of the bacteria extracted. Electrophoresis of the basic protein obtained from the DNA-protein by acid extraction gave a complex pattern of protein bands that was different from that obtained with the basic protein extracted from whole bacteria (Fig. 4) . It is considered that the slower components might be non-basic in nature and that they would have been removed ifa CM-cellulose separation had been employed. The numerous faster components may constitute only a small percentage of the total basic proteins of the organism, thus explaining the failure to detect all these bands in the material extracted from the whole bacteria.
The ribosomes prepared from B. megaterium represented almost 4% of the initial bacterial dry mass, and analysis showed them to contain 2.0% of CM-cellulose-purified basic protein and 64% of RNA. No DNA was detected in the ribosomes by the diphenylamine reaction.
The basic protein obtained from a single ribosomal preparation represented 0.077% of the bacterial dry mass from which these ribosomes had been prepared. The bacteria contain in all 0I32% of basic protein. Since the ribosomes obtained in a single preparation must be only a portion of the total, because of incomplete disintegration and extraction of the bacteria, it was concluded that the percentage ofthe total bacterial basic protein that is ribosomal must be much higher than indicated by the values quoted, i.e. in excess of 24%. Starch-gel electrophoresis of the ribosomal basic protein showed the presence ofsimilar protein bands in this material and in the basic protein isolated from the whole organisms (Fig. 4) . This was taken as further evidence that the bulk of the basic protein in B. megaterium is located in the ribosomes.
Basic protein8 of E. coli. Because the DNAprotein preparation from B. megaterium was rather unsatisfactory, the examination of the intracellular distribution of bacterial basic proteins was repeated on a species from a different genus. E. coli was chosen as it was from this species that Palmade et al. (1958) protein (not purified further). The recovery of DNA in the DNA-protein preparation was 0.6% of the total DNA in the bacteria extracted. A portion of the basic protein extracted from the DNA-protein preparation was subjected to starchgel electrophoresis (Fig. 5) . This gave one fairly intensely stained protein band, several fainter bands and intense staining at the origin. The intensely staining band had the same mobility as the main component of the basic protein extracted from the whole bacteria.
A little of the basic protein was purified on a very small column of CM-cellulose (1 cm. of CM-cellulose in a 4mm.-diam. glass tube) and the purified material was also examined by starch-gel electrophoresis. The pattern of bands was similar to that obtained with the unpurified protein, except that there was no longer any staining at or close to the origin. The non-migrating protein in the unpurified preparation is therefore apparently not basic.
The ribosomes obtained from E. coli in a single preparation represented 3.0% ofthe initial bacterial dry mass. These ribosomes contained 2.4% of CM-cellulose-purified basic protein, 38.2% of RNA and 2.1% of DNA. Thus, unlike the B. megaterium ribosomes, the E. coli ribosomes were contaminated with some DNA.
The purified basic protein obtained from the ribosomal preparation was 0.072% of the dry mass of the bacteria from which the ribosomes were prepared. The bacteria contain 0.96% oftotal basic protein. However, as discussed for the B. megateriunm experiments, the ribosomal basic protein may account for a much higher proportion of the total basic protein than these values suggest, i.e. in excess of 7.5%.
Starch-gel electrophoresis of the ribosomal protein (Fig. 5) gave a rather similar pattern of stained bands to that obtained with the total basic protein extractedfromthe whole bacteria. However, there was some difference in the relative intensities of the bands, with the faster components of the ribosomal preparation appearing more intense. This indicates that the ribosomal basic protein and the total basic protein do not contain the same proportions of the different components separated by electrophoresis, and that it is unlikely that allthe basic protein of E. coli is ribosomal in origin.
Fuller characterization of the ribo8omal basic protein. The u.v.-absorption curves for the B. megaterium and E. colti ribosomal basic proteins were very similar to that for calf-thymus histone (Fig. 6) . The partial amino acid analysis of these proteins was performed (Table 3 ) and the results were again well within any range that could be laid down as characteristic of the vertebrate histones.
An attempt was also made to determine the isoelectric points of the ribosomal proteins by studying their migration in polyacrylamide gels, which do not exhibit any appreciable electroendosmotic effects during runs. The electrophoretic behaviour at different pH values of these ribosomal basic proteins, calf-thymus histone and the a-fraction of calf-thymus histone are summarized in Fig. 7 . It was observed that the various components of the four preparations exhibited a fairly similar range of mobilities at the various pH values. Up to pH 9*0 none of the components of any of the preparations moved towards the anode, although above pH 7 0 all the samples gave an increasing amount of non-migrating aggregated material staining at the origin. The gel at pH 100 showed a small portion of both the ribosomal preparations moving towards the anode. However, at pH 10 6 all four preparationis contained some anionic components, although much more material still migrated towards the cathode.
Because of the changes of pH during electrophoresis in gels at high pH no exact isoelectric points can be obtained for the components that begin to move anionically above pH 9. However, it can be concluded from the experiments that most of the protein in both the ribosomal preparations has an isoelectric point above pH 10-6, and that little if any material has an isoelectric point below pH 10*0. The very basic nature ofthese proteins has therefore been confirmed.
DISCUSSION
Whole bacteria contain between 0.1% and 1% of basic protein. A large part of this protein is located in the ribosomes, which were found to contain about 2% of protein exhibiting very similar properties to the mammalian histones. This confirms the results of Waller & Harris (1961) and Zubay & Wilkins (1960) , which indicated the presence of histone-like protein in bacterial ribosomes. The similarity of these ribosomal proteins to the histones raises the question of their classification. The definition of the term 'histone' has been considered by several authors (Cruft et al. 1957; Phillips, 1962) and more recently, at the first World Conference on Histone Biology and Chemistry, Murray (1964) suggested that histones should be defined as 'basic proteins that at some time are associated with DNA'. Accepting Murray's (1964) definition for histones, and in the absence of any evidence relating ribosomal basic proteins metabolically or functionally with the histones, it is inappropriate to classify them as histones or even as ribosomal histones. The term 'ribosomal basic protein' is therefore the most suitable for these proteins at present.
Estimations of total DNA and total basic protein in the bacterial cell established that most of the DNA is not associated with basic protein. This conclusion is in agreement with the electron-microscope observations ofVan Iterson & Robinow (1961) and would explain the failure of many authors to detect histones in bacterial DNA-protein preparations (Belozerskii, 1947; Chargaff & Saidel, 1949; Tsumita & Chargaff, 1958; Masui et al. 1962; Belozerskii & Uryson, 1958; Zubay & Watson, 1959; Wilkins & Zubay, 1959) . Preliminary studies on the composition of the macro-nuclei of Paramecium aurelia have also indicated that most of the DNA is not associated with histone (Leaver, 1964) .
The possibility still exists that a small portion of the bacterial DNA could be in the form of a DNAbasic protein complex. Indeed the small amounts of the total DNA and basic protein found in the DNA-protein preparations could represent such a complex. However, it is also possible that the DNA and basic protein in these preparations, and in those obtained by Palmade (1960) , become associated during the extraction procedure. Nevertheless, it is tempting to suggest that a quantitatively small amount of basic protein associated with DNA could exert relatively major effects in the control of the genetic expression within the cells of bacteria and possibly other unicellular organisms. Certainly it may prove difficult to exclude completely the possible occurrence of such DNA-associated basic protein (i.e. histone) in bacteria.
